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Presented are magnetization measurements on a crystal of Cr7Ni antiferromagnetic rings. Irra-
diation with microwaves at frequencies between 1 and 10 GHz leads to observation of very narrow
resonant photon absorption lines which are mainly broadened by hyperfin interactions. A two-pulse
hole burning technique allowed us to estimate the characteristic energy diffusion time.
PACS numbers: 75.50.Xx, 75.60.Jk, 75.75.+a, 76.30.-v
Magnetic molecules are currently considered among
the most promising electron spin based quantum sys-
tems for the storing and processing of quantum infor-
mation [1]. For this purpose, ferromagnetic [2] and anti-
ferromagnetic [3, 4] systems have attracted an increasing
interest [5, 6, 7]. In the latter case the quantum hard-
ware is thought of as a collection of coupled molecules,
each corresponding to a different qubit. The main advan-
tages would arise from the fact that they are extremely
small and almost identical, allowing to obtain, in a single
measurement, statistical averages of a larger number of
qubits. The magnetic properties can be modelled with an
outstanding degree of accuracy. And most importantly,
the desired physical properties can be engineered chemi-
cally.
Recently, the suitability of Cr-based antiferromagnetic
molecular rings for the qubit implementation has been
proposed [5, 6, 7]. The substitution of one metal ion in
a Cr-based molecular ring with dominant antiferromag-
netic couplings allowed to engineer its level structure and
ground-state degeneracy [8, 9]. A Cr7Ni molecular ring
was characterized by means of low-temperature specific-
heat and torque-magnetometry measurements, thus de-
termining the microscopic parameters of the correspond-
ing spin Hamiltonian. The energy spectrum and the
suppression of the leakage-inducing S-mixing render the
Cr7Ni molecule a suitable candidate for the qubit imple-
mentation [6, 7, 10].
In this paper we report the first micro-superconducting
quantum interference device (micro-SQUID) [11] stud-
ies of the Cr7Ni molecular ring. Electron paramag-
netic resonance (EPR) methods are combined with high-
sensitivity magnetization measurements. The magneti-
zation detection could also be a Hall-probe magnetome-
ter [12, 13, 14, 15, 16], a standard SQUID [17] or a vi-
brating sample magnetometer [18]. We found very nar-
row resonant photon absorption lines which are mainly
broadened by hyperfin interactions. A two-pulse hole
burning technique allowed us to estimate the character-
istic energy diffusion time.
The Cr7Ni molecular ring, is based on a homometal-
lic ring with formula [Cr8F8(O2CCMe3)16]. The eight
chromium(III) ions lie at the corners of a regular oc-
tagon [8]. Each edge of the octagon is bridged by
one fluoride ion and two pivalate ligands. There is
a large cavity at the centre of the ring. If a single
chromium(III) ion is replaced by a metal(II) ion, for
example nickel(II), this makes the ring anionic and a
cation can be incorporated in the cavity. Thus we can
make [H2NMe2][Cr7NiF8(O2CCMe3)16] [9]. If crystal-
lized from a mixture of THF and MeCN the Cr8 and
Cr7Ni compounds are isostructural, crystallizing in the
tetragonal space group, P4.
The measurements were made in a dilution cryostat
using a 20 µm sized single crystal of Cr7Ni. The mag-
netic probe was a micro-SQUID array [11, 19] equipped
with three coils allowing to apply a field in any direction
and with sweep rates up to 10 T/s. The electromag-
netic radiation was generated by a frequency synthesizer
(Anritsu MG3694A) triggered with a nanosecond pulse
generator. This setup allows to vary continuously the
frequency from 0.1 Hz to 20 GHz, with pulse lengths
form ∼1 ns to continuous radiation [20]. Using a 50 µm
sized gold radio frequency (RF) loop, the RF radiation
field was directed in a plane perpendicular to the applied
static field µ0H . The microwave power of the generator
could be varied from -80 to 20 dBm (10−11 to 10−1 W).
The sample absorbes only a small fraction of the gener-
ator power. This fraction is however proportional to the
microwave power of the generator.
Fig. 1a shows magnetization versus applied field curves
for several field sweep rates at a cryostat temperature
of 0.04 K. The magnetization loops exibits a clear hys-
teresis which is characteristic for the phonon-bottleneck
regime with a spin-phonon relaxation time to the cryo-
stat of a few seconds [21]. In order to quantify the out-
of-equilibrium effect, Fig. 1b presents the same data as
in Fig. 1a but the magnetization M is converted into a
spin temperature TS using the equation [22]:
M(TS)/Ms = tanh(gµBSµ0H/kBTS) (1)
with S = 1/2 and g = 2.1 [9]. Fig. 1b shows clearly
a strong adiabatic cooling when sweeping the field down
to zero field. Note that this cooling mechanism might be
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FIG. 1: (a) Magnetization (M) hysteresis loops for several
field sweep rates at a cryostat temperature of 0.04 K. The
loops are normalized by the saturation magnetization Ms at
1.5 T. (b) Spin temperature TS for field sweeps from negative
to positive fields, obtained by inversion of Eq. 1 whereM(TS)
are the data in (a).
used before qubit operations to reach extremely low tem-
peratures even at relatively high cryostat temperatures.
High frequency noise from the RF-loop around the sam-
ple leads to spin temperatures at 1 T being higher than
the cryostat temperature.
Fig.2 shows magnetization curves M(H) in the quasi-
static regime with a field sweep rate slow enough (0.00014
T/s) to keep the system at equilibrium. During the field
sweep, RF pulses were applied to the sample with a pulse
length of 1 µs and a period of 4 s between each pulse.
Depending on the RF frequency, clear dips are observed
which result from resonant absorptions of photons associ-
ated with spin transitions between the quantum numbers
ms = 1/2 and −1/2. After each pulse, the magnetiza-
tion relaxes back to the equilibrium magnetization (see
the fine structure in the inset of Fig. 2).
Typical relaxation measurements at a constant applied
field after RF pulses of different durations are shown in
Fig. 3. The relaxation is exponential with the rate inde-
pendent of the pulse length. Detailed studies showed
FIG. 2: Magnetization curves measured with and without
irradiation. The cryostat temperature was 40 mK and the
field sweep rate of 0.00014 T/s was slowly in order to keep
the the system at equilibrium. The electromagnetic radiation
was pulsed with a period of 4 s and a pulse length of 1 µs.
The RF frequencies are indicated. Inset: Enlargement of the
4 GHz resonance. The fine structure is due to the RF pulses.
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FIG. 3: Relaxation of magnetization after RF pulses of 4
GHz were applied. The pulse lengths w are indicated. Inset:
magnetization variation ∆M after a RF pulse versus the pulse
length w for a on-resonance field (0.1582 T) and off-resonance
field (0.1722 T).
that the relaxation rate is dominated by the phonon-
bottleneck regime, that is the spin-phonon relaxation
time to the cryostat.
The inset of Fig. 3 presents the change of magnetiza-
tion ∆M between the magnetization before and after the
pulse as a function of the pulse length w. ∆M increases
linearly with w for short pulses of few tens of ns. It sat-
urates for w ≈ 10 µs and decrease for very long pulses
because of cryostat heating effects. Non-resonant photon
absorption is also observed for very long pulses.
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FIG. 4: (a) Magnetization variation ∆M between the equlib-
rium curves measured without and with continuous irradia-
tion. The microwave frequency was 4.2 GHz. The microwave
power of the generator are indicated. (b) Magnetization vari-
ation ∆M after a RF pulse of 4.2 GHz and several pulse
lengths. The cryostat temperature was 40 mK. ∆M is multi-
plied be a factor two.
The resonant photon absorption lines are often taken
to estimate a lower bound on the decoherence time of a
qubit. We therefore investigated in more detail the line
width observed in Fig. 2. Fig. 4a presents a typical
power dependence of the line width for continuous irra-
diation at 4.2 GHz. Resonant photon absorption is clear
visible for a generator power larger than -60 dBm (1 nW).
The line saturated at about -20 dBm (10 µW). Fig. 4b
presents the absorption line for the pulsed technique (see
Fig. 2) for several pulse lengths and a generator power
of 15 dBm (32 mW). The resonant photon absorption is
clearly visible for pulse lengths longer than 10 ns. Note
that the pulse widths in Fig. 4a are nearly two times
larger than those in Fig. 4b.
In order to shed light on the origin of the line width
broadening, we developed a two pulse hole burning tech-
nique. The first pulse excites a fraction of spins that are
in resonance during the pulse. In case of an inhomoge-
neous broadened line, the first pulse burns a hole into the
line. Then, after a delay time td a second pulse of the
same frequency is applied. For td = 0 the two pulses
are equivalent to one long pulse that excits a certain
amount of spins (dotted lines in Fig. 5). However, for
non-zero delay times td the second pulse probes the evo-
lution of spin excitation in the sample. For an inhomog-
neous broadened line, the second pulse probes whether
the burned hole of the first pulse evolved during the delay
time. Fig. 5 shows the resulting magnetization variation
∆M after two pulses as a function of delay time. It is
shown that for td > 100 ns, ∆M is clearly larger than for
td = 0. This result suggests that the absorption lines in
Figs. 2 and 4 are inhomogeneously broadened (at these
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FIG. 5: Magnetization variation ∆M after two pulses of equal
length as a function of delay time td between the pulses, (a)
at an applied field of of 0.1666 T corresponding to maximum
resonance absorption, and (b) at 0.1624 T The RF frequency
is 4.2 GHz and the pulse lengths are indicated. The dotted
lines indicate ∆M for td = 0.
time scales). The first pulse burns a hole into the line
which starts to fill during the delay time. The filling time
is clearly faster for an applied field in the center of the
line (Fig. 5a) than at the border (Fig. 5b). It depends
also on the pulse length: the longer the pulse length, the
later starts the filling of the hole. Because the magne-
tization is relaxing back to equilibrium at a time scale
much longer (phonon bottleneck regime), the hole filling
can only be due to spins that are close to the resonance
condition. Due to spin-spin interactions, the excited spin
can give their energy to those spins, that is the energy
diffuses from the excited spins to spins that are close to
the resonance condition. The hole filling time is therefore
dominated by spin-spin interactions and it can be called
a energy diffusion time.
In our case of an assembly of identical spins, the line
broadening is mainly due to dipolar and hyperfine inter-
actions. The dipolar coupling energy can be estimated
with Edip/kB ≈ (gµBS)
2/V ≈ 0.1 mK (S= 1/2 and V
= 6.3 nm3) [7]. The hyperfine coupling with the nuclear
4spins can be obtained by considering the dipolar inter-
action of one Cr ion (s = 3/2) with the neighboring F
nucleus having a nuclear spin I = 1/2. With gF = +5.26
and the distance of d = 0.2 nm between F and Cr ions,
the interaction energy is about 0.4 mK for each of the
eight F nuclear spins [7]. The hyperfine line broadening
of all eight F nuclear spins is about 3 mK which corre-
sponds to 5 mT, in good agreement with the observed
line widths in Figs. 2 and 4. These line widths give a de-
coherence time of about 3 ns [7]. Substantial reduction of
the hyperfine broadening might be achieved by substitut-
ing the F ions with OH groups. The dipolar coupling can
also be reduced by doping the crystal of Cr7Ni molecules
with Cr8 molecules.
In conclusion, we presented magnetization measure-
ments on a crystal of Cr7Ni antiferromagnetic rings. Irra-
diation with microwaves at frequencies between 1 and 10
GHz leads to observation of very narrow resonant photon
absorption lines which are broadened by spin-spin inter-
actions. A two-pulse hole burning technique allowed us
to estimate the characteristic energy diffusion time.
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